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Summary 
Modern stereological methods have been used to make unbiased estimates of the total number of synapses in the striatum 
radiatum of the hippocampal CA1 region of five rabbits. The approach used involved a two stage analysis and is generally 
applicable to all parts of the nervous ystem. During the first stage of the analysis, the reference volume was estimated by point 
counting, at the light microscope l vel, according to the Cavalieri principle. During the second stage, the numerical density of 
synapses was estimated with disectors at the electron microscopic level. The total number of synapses was calculated as the 
product of the numerical density and the volume of the region. The sampling with points and disectors was carried out in all 
three dimensions of the entire CA1 region in a manner that ensured that all parts of the region and all synapses within it had 
equal probabilities of being sampled. An analysis of the precision of the estimate of total synapse number has been performed 
in terms of the variances of volume and synaptic numerical density at different levels of sampling, i.e. at the level of points, 
sections, individual animals and group of animals. Detailed escriptions of the procedures used to estimate the total number 
of synapses, evaluate the precision of the estimates, and optimize the sampling scheme are provided. 
Introduction 
The total number of synapses in a region or subregion 
of the nervous system is a parameter of pr imary 
significance when evaluating the functional capacity 
of a neural structure. Synapses represent the points of 
communication between neurons and, in spite of the 
unresolved .issues about the differential roles and 
efficacy of synapses of different ypes and at different 
positions on postsynaptic elements, their number is a 
fundamental expression of the amount of neural input 
to the neurons of a region. Together with information 
about the number of neurons, they provide a 
structural framework in which to interpret changes 
in the functional capacity of neural structures. The 
quantitation of subtypes of synapses can eventually 
yield additional information about the dynamics of 
neural structures and organization of their compo- 
nents. Until recently, appropriate methods for obtain- 
ing reliable measures of the number of synapses have 
not been available. As a consequence, the literature 
dealing with changes in synapse number is rife with 
seemingly contradictory data (e.g., see Geinisman et al., 
1995). 
A new generation of stereological principles have 
been developed in recent years (Sterio, 1984; Braend- 
gaard & Gundersen, 1986; Gundersen, 1986; Gunder- 
sen et al., 1988; Pakkenberg & Gundersen, 1988; West, 
1993; Mayhew & Gundersen, 1996) that have the 
potential for forming the basis of a reliable method for 
estimating synapse number. The application of these 
principles has resulted in the development of sam- 
pling and counting techniques that can be used to 
make unbiased estimates of the total number of objects 
in a defined region of biological tissue. The salient 
features of the methods for obtaining these estimates 
are that (1) all parts of the region under consideration 
have an equal probability of being sampled and (2) 
objects are directly counted in a known volume of 
tissue without having to make any assumptions about 
the size, shape, or orientation of the objects. When 
these techniques are properly applied, the resulting 
estimates are unbiased in the sense that the mean of 
repeated estimates will approach the true number 
without limit. That is, they will not systematically 
deviate from the true value as they might when the 
selective sampling and assumption based counting 
rules of previously available techniques are used. 
* To whom correspondence should be addressed. 
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Although these same principles form the basis of the 
recently described methods for estimating the number  
of neurons in light microscopic preparat ions (Pakken- 
berg & Gundersen, 1988; Braendgaard et al., 1990; West 
& Gundersen, 1990; West et al., 1991; West, 1993), the 
necessity for the use of EM images when quantifying 
synapses introduces a number  of practical constraints 
on the approaches available. For example, there are 
two basic approaches for obtaining unbiased estimates 
of neuron number.  One involves a two-step sampl ing 
scheme like that used here. Accordingly, the volume of 
the region of interest, i.e. the reference volume, V(ref ), 
is first estimated from a relatively small number  of 
sections elected in a systematic random manner  along 
the entire extent of the region. Second, the numerical 
density of neurons, Nv, is estimated from a series of 
disectors placed uniformly within the same sections. 
The product of the two estimates gives N(neur), the 
number  of neurons, NIneur ) = VIre f I" Nv. 
The other approach, the fractionator (Gundersen, 
1986), involves determining the number  of neurons 
(again with disectors) in a known fraction of the 
volume of the region of interest. The first step in 
fractionator sampl ing usually involves the sampl ing of 
a known fraction of the sections that are generated by 
exhaustive sectioning. In the case of regions that result 
in large and unwie ldy numbers  of sections, additional 
levels of block subsampl ing can be introduced. 
Because it is important with fractionator sampl ing to 
keep track of all of the sections cut (be they either from 
the entire region or a known fraction of the blocks 
from larger regions), in order to determine what 
fraction of the region is being quantified, this approach 
can be very demanding when working at the EM level. 
To avoid the extensive subsampl ing and exhaustive 
ul t ramicrotomy inherent in the application of frac- 
tionator sampling to EM material, we have here adopted 
the VIre f ). Nv approach to synapse quantitation. 
There has been one previous description of a 
method for obtaining unbiased estimates of total 
synapse number  based on the principles outlined 
above This technique, referred to as the 'double 
disector' (Gundersen et al., 1988) involves the use of 
the same set of serial ultrathin sections to count 
synapses and neurons. The disectors used to count 
synapses were adjacent sections and those used to 
count neurons were separated by a relatively large, but 
known, number  of sections. The relative densities of 
the synapses and neurons could then be used to 
determine the ratio of synapses to postsynaptic 
neurons. An unbiased estimate of the total number  
of neurons was then obtained from light microscopic 
material and mult ipl ied by the ratio of synapses per 
neuron to obtain an estimate of the total synapse 
number. The advantage of the double disector is that it 
does not require knowledge of the thickness of the 
ultrathin sections used in the analysis. This method is 
limited, however, by the extensive ultramicrotomy 
required to obtain an adequate sample of neurons at 
the EM level and has not yet been used to make rigorous 
estimates of total synapse number as done in this study. 
Because the methodology employed is designed to 
obtain estimates of total number,  not determinations, 
these estimates have a certain precision or variance, 
which is related to the amount  of sampling performed. 
Specific procedures have been developed in recent 
years to evaluate the precision of the resulting 
estimates and to assess the optimal number  of animals 
or individuals, sections, and synapses that need to be 
analyzed in a specific study (Gundersen & Jensen, 
1987). Detailed examples of how data obtained with 
the methodology described here can be analysed with 
these procedures are also presented. 
Materials and methods  
In order to obtain unbiased estimates of the total number of 
synapses, it is necessary to ensure that the sampling 
performed uring both phases of the V(ref) 9 Nv analysis is 
unbiased. In the case of the V(ref ) determinations, we used a 
systematic random selection of histological sections for point 
counting. Disectors consisting of ultrathin sections were 
used to count synapses and thereby make estimates of Nv. 
The disector (Sterio, 1984) is a three-dimensional stereo- 
logical probe which, in its simplest form, is composed of two 
adjacent sections. It has the unique feature of sampling 
objects in direct proportion to their number and thereby 
provides a tool for number weighted counts of objects. The 
volume of a disector is determined by the area of the sections 
and the distance between them. An object is considered to be 
in a disector if a unique prespecified point of the object lies in 
the disector. For objects of finite volume (like synapses, 
neurons, etc.) one usually specifies the leading edge of the 
particle on the axis of sectioning, i.e. the first recognizable 
profile of the structure. Accordingly, an object is considered 
to be in the disector if it can be identified in the second 
section of the disector, but not the first. One has only to 
ensure that the distance between the two sections is less that 
the shortest dimension of the objects of interest so that none 
escape detection. In the case of sections that are large relative 
to the structures being counted, subsampling of the regions 
of interest can be performed with unbiased area ! counting 
frames (Gundersen, 1977)." Because disectors ample objects 
in proportion to their number, the resulting counts are not 
influenced by the size, shape, and orientation of the objects. 
As a consequence, the counts are not subject o the potential 
biases introduced by assumptions about these features 
required with previously available techniques that were 
based on the use of single two dimensional probes (i.e., 
sections). In addition, provided the objects of interest can be 
potentially identified on at least one section (the only 
requirement for the application of disector counting), the 
counts will be unaffected by truncation and overprojection 
(Coggeshall & Lekan, 1996; Saper, 1966). 
Per fusion-fixation 
Five New Zealand albino female rabbits of 8-10 weeks of age 
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(Oryctolagus cuniculus) were used in this study. Animals were 
deeply anaesthetized with a combination of Xylazine 
(6 mg kg 1, i.m.) and Ketamine hydrochloride (45 mg kg -I ,  
i.m.) followed 15min later by Pentobarbital sodium 
(75mgkg -1, i.m.). Transcardiac perfusion was then per- 
formed in three consecutive steps: (1) phosphate buffered 
saline containing Heparin sodium (10 units m1-1) injected at 
a rate of 50 ml min 1 for 45 s (N40 ml); (2) 1% paraformalde- 
hyde, 1.25% glutaraldehyde and 0.02mM CaC12 in 0.12M 
phosphate buffer (pH 7.3) perfused initially at a rate of 
50mlmin i for 10min (500ml) and thereafter at a rate of 
25mlmin -1 for additional 20rain (500ml); (3) the same 
fixative at twice the aldehyde concentration delivered at a 
rate of 25mlmin i for 12min (300ml). All solutions were 
warmed to 37 C and administered with a Masterflex 
peristaltic pump (Cole-Parrner Instrument Co., Niles, 
Illinois). After the perfusion, animals were placed in sealed 
plastic bags and kept in a refrigerator for 2 h at 4 ~ C. The 
brain was then removed, the left hemisphere put in a vial 
mounted on a tissue rotator and postfixed in the double 
strength fixative at 4 ~ C overnight. 
Preparing a systematic random series of histological sections 
through the CA1 region 
The left hippocampal formation was dissected free and cut 
into a number of 1.5 mm thick slabs with the aid of a tissue 
chopper (Stoelting Co., Niles, Illinois) equipped with a 
microdrive. The slab thickness was chosen so that 10-15 
histological sections, spaced at equal intervals along the 
entire septo-temporal xis, would be obtained from the 
corresponding faces of the slabs. It was determined a priori, 
on the basis of other studies (West & Gundersen, 1990; West, 
1993), that the analysis of this number of sections would 
result in a precision compatible with the goals of this study 
(i.e., the mean coefficient of error, CE, of the estimates 
obtained from individual animals hould be under 10%, see 
below). 
Because the delineation of the CA1 region is more readily 
carried out on sections that approximate the transverse 
plane of the septo-temporal xis of the hippocampus and 
because the sections used in the analysis must be parallel to 
each other, the natural 'U'-shaped curvature of the septo- 
temporal axis (Fig. la) was straightened prior to the cutting 
of the slabs (Gaarskjaer, 1978). To accomplish this, the 
surface of the hippocampal formation, which is opposite to 
that overlying the CA1 region, was dried with a filter paper 
and attached at the septal end to the tissue chopper stage 
with a rapidly drying glue. The hippocampal formation was 
then manually straightened along the septo-temporal xis 
and the remaining surface glued to the stage. Following this 
procedure, the rabbit hippocampal formation had a length of 
18-21mm and could be divided into 12-14, 1.5mm thick 
slabs. During the preparation of the slabs, the tissue was 
bathed in cold (4 ~ C) 0.12 M phosphate buffer. Using a razor 
blade mounted on the tissue chopper, the hippocampal 
formation was cut in the plane perpendicular to an 
imaginary straight line connecting the septal and temporal 
poles (Fig. lb). The position of the first cut within the first 
1.5mm interval from the septal pole was determined 
randomly by choosing a random number from 1 to 150 
and moving the chopper microdrive to a corresponding 
setting. The subsequent cuts were placed at a uniform 
interval of 1.5 mm from each other. 
Each tissue slab was transferred into a Wheaton specimen 
vial mounted on a tissue rotator. Slabs were rinsed in cold 
0.I2 M phosphate buffer (three changes, 5min each), treated 
with OsO4 (2% solution in 0.12 M phosphate buffer for 90 min 
at 4 ~ C) and rinsed again in the buffer (three changes, 5min 
each at room temperature). Subsequently, the slabs were 
dehydrated in ethanol solutions of increasing concentrations 
(50, 70 and 90%-5min each; 95%-5min three times; and 
100%-15rain two times), treated with propylene oxide (two 
changes, 15rain each), left overnight in a mixture (1:1) of 
propylene oxide-Araldite 502, flat embedded in Araldite 
using disk block embedding molds, and cured in an oven at 
60 ~ C for 48 h. 
Estimation of the average thickness of fixed and embedded 
tissue slabs 
A set of systematic random histological sections through the 
CA1 region was obtained by cutting semithin (3 ~m thick) 
sections from the septal face of each tissue slab. The distance 
between the sections was equal to the thickness of the 
embedded slabs. (It is important o note that the estimation 
of both the reference volume, V(ref), and the synaptic 
numerical density, N v, was carried out on the plastic 
embedded material). Since it could not be assumed that the 
thickness of the slabs was unaltered uring the embedding 
procedure, the average slab thickness, T, was determined 
and used as an estimate of a uniform interval between 
histological sections. For this purpose, each block of Araldite 
containing a tissue slab was covered with a thin layer of 
microscope immersion oil of a low viscosity to obtain a sharp 
microscopic image of the osmicated tissue embedded in the 
plastic. The slab thickness was then measured using a Zeiss 
inverted microscope quipped with an eye-piece micrometer 
at a total magnification of 18 x. 
Delineation of the synapse-containing layer 
Each semithin section was placed on a drop of distilled water 
on an ethanol-cleaned microscope slide, dried overnight on a 
sl ide-warming plate at 60 ~ C, stained with Azur II-Methylene 
Blue (Richardson et al., 1960), rinsed with distilled water, and 
dried again. In such Nissl-stained sections, the CA1 region of 
the rabbit hippocampus can be reliably identified. Although 
the CA1 region is continuous with the CA2 field and 
subicular complex, it can be unequivocally distinguished 
from these two hippocampal subdivisions. Giant pyramidal 
cells, which are typical of CA3 and which are also present in 
the CA2 pyramidal ayer, are never observed in the CA1 
stratum pyramidale since the latter contains relatively small 
pyramidal cells of uniform size (Hjorth-Simonsen & Zimmer, 
1975; Hjorth-Simonsen, 1977). The CA1 border with the 
subicular complex is clearly defined by an abrupt termina- 
tion of a bundle of perforant path fibres which pass through 
the CA1 region (Lorento de N6, 1934). Within this region, 
boundaries of the synapse-containing layer under study are 
also readily definable (Fig. lc) since the extent of the stratum 
radiatum is limited by the stratum pyramidale on the one 
side and by the bundle of perforant path fibres on the other 
(Westrum & Blackstadt, 1962; Hjorth-Simonsen & Zimmer, 
1975; Nadler et al., 1980). 
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Sectional profiles of the CA1 stratum radiatum were 
delineated according to its boundaries specified above. 
Images of stained histological sections of the hippocampal 
formation were projected onto a table, using a projection 
microscope (Ken-A-Vision, Raytown, MD), and outlines of 
profiles of the synapse-containing layer were drawn at a final 
magnification of 41 x. 
Estimation of the area of synaptic layer profiles by point 
counting 
A transparent quadratic lattice of counting points was 
randomly placed over an outline of a sectional profile of the 
CA1 stratum radiatum (Fig. ld), and the number of points 
falling on the profile was determined. Because ach point of 
the lattice is associated with a certain known area, the 
number of points hitting a given profile provides adirect and 
unbiased estimate of the area of sectional profiles of CA1 
stratum radiatum. 
A pilot experiment was carried out to determine the 
appropriate point density of the lattice. The guideline used 
was that the sampling variance of point counting should be 
kept at about 25% of the total intra-animal sampling variance 
of the sum of points (see Nug% in Table 2). This condition 
was met by choosing an interpoint distance of 10 mm relative 
to dimensions of profile drawings, i.e. 0.244 mm relative to 
actual tissue dimensions in semithin sections. 
Calculation of the total volume of the synapse-containing 
region 
The total reference volume of the CA1 stratum radiatum, 
V(ref), was calculated with the formula: V(ref)= GP. 
a(p). T where GP is the sum of lattice points hitting the 
entire set of stratum radiatum profiles, a(p) the area 
associated with each point and 1" the average slab thickness. 
Selection of fields in which to count synapses 
For practical reasons, it was decided a priori that estimates 
of the synaptic numerical density in each animal would 
be based on an evaluation of six regional samples referred 
to as counting fields here. To ensure that synapses from 
all parts of the CA1 stratum radiatum had an equal 
probability of being sampled, the six counting field were 
distributed in a systematic random fashion. The total 
length of the sectional profiles of the CA1 stratum, along 
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the CA2-subicular (CA2-SUB) axis, was measured on 
drawings of the histological sections used in the analysis of 
each animal. Since profiles of the synapse-containing layer 
are curved (Fig. 2), the direction of the CA2-SUB axis was 
approximated for a given profile by a straight line connect- 
ing the two end points of the CA1 stratum radiatum border 
with the stratum pyramidale (Fig. lc). The cumulative length 
of the CA1 stratum radiatum along the CA2-SUB axis was 
calculated for an entire set of profiles and divided into six 
uniform intervals. The lateral sampling edge of the counting 
fields along the CA2-SUB axis was marked on profile 
drawings at these intervals after random placement within 
the first interval (Fig. 2, dashed lines). The markings were 
straight lines crossing the width of the synapse-containing 
layer in a direction perpendicular to the CA2-SUB axis 
(Fig 2). The sum of lengths of these lines gave the cumulative 
length of the sampled portion of the CA1 stratum radiatum 
along the cell body-apical dendrite (CB-AD) axis. The 
cumulative length determined by these measurements was 
also divided into six uniform intervals, and the proximal (in 
relation to the pyramidal  cell bodies) sampling edge of the 
counting fields was marked on profile drawings at the 
defined intervals along the CB-AD axis (Fig. 2, arrows), 
starting with a random position within the first interval. 
Preparation of serial ultrathin sections 
Serial ultrathin sections of silver to pale gold interference 
color were prepared from the septal face of each selected slab 
(Fig. le). The first trimming cut formed the lateral sampling 
edge of a counting field. This cut was made in accordance 
with its position along the CA2-SUB axis indicated on a 
sectional profile drawing in relation to the surrounding 
blood vessels. The following trimming cuts were made so as 
to obtain serial ultrathin sections that had the shape of a 
trapezoid with its longest side formed by the first cut. The 
ultrathin sections spanned the entire width of the CA1 
stratum radiatum, from the stratum pyramidale to the bundle 
of perforant path fibers. Each series of ultrathin sections was 
counterstained with uranyl acetate and lead citrate, mounted 
on a single-slot grid coated with collodion-carbon, and used 
to obtain electron micrographs of a counting field. 
Obtaining electron micrographs of counting fields 
The position of the proximal border of a counting field was 
Fig. 1. Diagram illustrating stages of the sampling procedure used. (a). The left hippocampal formation (dotted area) is 
dissected free from its septal (S) to the temporal (T) pole. (b). The hippocampal formation is then cut, perpendicular to its 
septotemporal (S-T) axis, into uniform random slabs. The first cut (arrow) is placed randomly within the first inter-slab interval 
(la), and the subsequent cuts are made at this interval along the entire length of the S-T axis. (c). Semithin (3 gm-thick) sections 
are prepared from the septal face of each plastic-embedded slab and stained with Methylene Blue. Readily observed in such 
sections are all subdivisions of the hippocampal formation: the dentate gyrus with its hilus (DG), fields CA3, CA2 and CA1 of 
the hippocampus proper, as well as the subicular complex (SC). The CA1 stratum radiatum (SR) that extends from the 
pyramidal cell layer to the band of perforant path fibres (PPF) is identified in each histological section. Outlines of the SR 
sectional profile (dashed line) are drawn with a projection microscope. The length of the SR along the CA2-subicular axis 
(CA2-SUB) is measured in each profile drawing as indicated by the ruler. The cumulative SR length along this axis is divided 
into a number of uniform random intervals to be used for placement of trimming cuts (on the block septal faces) that will form 
the sampling edge of ultrathin sections (arrow). (d). The area of SR sectional profiles is estimated by point counting, using 
profile drawings. (e). A series of consecutive ultrathin sections is prepared from the septal face of each slab. Counting fields to 
be photographed in an electron microscope (dotted area) are positioned in a systematic random manner along the cell body- 
apical dendrite axis (CB-AD) of the SR, i.e. at a certain distance from the pyramidal  cell layer (arrow). 
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Fig. 2. Outlines of sectional profiles of the CA1 stratum radiatum (SR). For each animal under study, the entire set of profiles is 
shown. The outlines were drawn from projected images of stained histological sections and used to measure the SR length 
along the CA2-subicular (CA2-SUB) and cell body-apical dendrite (CB-AD) axes as described in the text. The direction of the 
axes is indicated in the right lower corner of the diagram. The cumulative length of the SR along the CA2-SUB axis was divided 
into six uniform random intervals that marked the lateral sampling edges (dashed lines) of the counting fields. The sum of 
lengths of these lines gave the SR cumulative length along the CB-AD axis. Six counting fields were placed along this axis at 
uniform random intervals (arrows). Note that, in this sampling scheme, the shape and orientation of the SR are irrelevant, he 
sampling is 2D-uniform because it is independent and systematic along two perpendicular axes, as indicated here and in Fig. 1. 
x 11.4. 
determined according to its distance from the pyramidal  cell 
layer. The distance was initially measured on the drawings 
of the sectional profiles and then assessed in the electron 
microscope with the aid of the field delineator of the 
microscope screen. Since a counting field had to be 
photographed in corresponding parts of consecutive ultra- 
thin sections in a series, only straight ribbons of ultrathin 
sections were used. The sections were aligned by placing a 
prominent tissue landmark (such as a transversely sectioned 
myelinated fibre) on the same position on the microscope 
screen. Electron micrographs were taken at an initial 
magnification of 8000 x and enlarged photographically to a 
final magnification of 22 500 x. At the final magnification, all 
synaptic contacts could be unequivocally identified and a 
relatively large number of synapses could be sampled. A 
magnification standard (grating replica) was photographed 
and printed with each series of electron micrographs. 
Identification of synapses and their counting with disectors 
The stereological disector technique (Sterio, 1984; Gunder- 
sen, 1986) was used to count synapses. Each disector 
consisted of two adjacent ultrathin sections, a reference 
section and a look-up section (Fig. 3). The postsynaptic 
density (PSD) was used as a counting unit. A transparency 
with an unbiased counting frame (Gundersen, 1977) was 
superimposed over a reference section micrograph (Fig. 3A). 
The edges of the frame and micrograph were separated by a 
distance (guard area) which exceeded the largest dimension 
of the largest PSD profile. Synapses were identified on the 
reference section micrograph, with the aid of micrographs of 
adjacent serial sections, by the presence of the PSD in a 
postsynaptic element and synaptic vesicles in a presynaptic 
axon terminal. Then synapses were labelled on the reference 
section micrograph if their PSD profiles were located either 
entirely or partly within the frame and did not intersect the 
forbidden edges and their extensions (Fig. 3A). Two or more 
profiles belonging to the same PSD of a perforated synapse 
(as determined by following them on consecutive sections) 
were connected by an imaginary straight line and treated as 
a single entity. Finally, only those labelled synapses that had 
a PSD in the reference, but not in the look-up, section were 
counted. Five consecutive sections were selected at random 
from the middle of each series for use as disector eference 
sections. Counts obtained from the five disectors in each of 
six counting fields provided samples of 219-287 synapses 
per animal. 
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Estimation of ultrathin section thickness 
In order to determine the disector volume, v(dis): 
v(dis) = a(fr).h(dis), it is necessary to know the counting 
frame area, a(fr), and the disector height, h(dis), which is 
equal to the thickness of the reference section. The thickness 
of ultrathin sections was estimated with Small's method of 
minimal folds (Small, 1968) as described by Weibel (1979) 
and Royet (1991) because this method provides accurate 
estimates of section thickness compared with other tech- 
niques (Calverley et al., 1988; De Groot, 1988; Hunter & 
Stewart, 1989). Minimal folds lie perpendicular to the section 
plane and have a width that equals twice that of the section 
thickness. The minimal folds were identified in ultrathin 
sections and photographed at a magnification of 100000 x
(the same magnification was used to photograph the 
standard grating replica). The fold width was measured 
directly on the negatives. In all of the series of ultrathin 
sections that were examined, there were sections that did not 
contain minimal folds. The mean section thickness of all 
those sections that contained minimal folds was used to 
calculate the height of the disectors, h(dis). 
Calculation of synaptic numerical density per unit volume 
The numerical density of synapses per unit volume, Nv, was 
calculated for each animal with the formula: Nv = Q-/v(dis). 
In this formula, Q is the mean number of synapses counted 
per disector and f;(dis) the mean disector volume. 
Calculation of the total number of synapses in the total 
volume of the synapse-containing region 
The total number of synapses, N(syn), in the total reference 
volume of the synapse-containing layer, V(ref), was calcu- 
lated for each animal with the formula: 
N(syn) = V(ref) . Nv = V(ref) . f i~)  
A general requirement of the two step procedure 
employed for estimating the N(syn) is that the processed 
volume of the specimens used to estimate V(ref) and that 
used to estimate Nv must correspond to each other. Even 
though ultrathin sections may stretch, no plastic-embedded 
tissue is ever lost from the sections, and the volume of 
disectors, #(dis), formed by ultrathin sections can be directly 
related to the volume of the synapse-containing layer, V(ref), 
estimated with point counting on semithin sections. 
Estimation of sampling variances 
Stereological sampling of synapses involves a hierarchy of 
sampling levels, including (1) disectors and counting points, 
(2) counting fields and semithin sections, (3) individual 
animals and (4) groups of animals. In order to evaluate the 
appropriateness of the sampling scheme, it is necessary to 
estimate the variance contribution from all sampling levels 
to the total group variation among individual animals. This 
can be done according to well known statistical principles 
(Gundersen & Jensen, 1987). For two adjacent sampling 
levels, the observed relative variance, OCVj, at a higher, j th, 
level is the sum of the expected relative variance, CV~, at that 
level and the observed relative variance of the mean at the 
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level below, OCE~_ 1: 
ocv  2 = + ocE2_  , (1) 
These variances are relative since they are related to the 
means: both the coefficient of variation, CV, and the 
coefficient of error, CE, can be conventionally expressed as 
CV =sD/mean (where SD is the standard deviation) and 
CE =SEM/mean (where SEM is the standard error of the 
mean). Stereological sampling at a lower level should be 
terminated when the computable variance of a stereological 
estimate at this level, OCE~_ 1, is about half or less than the 
total variance at the higher level, OCV 2, i.e. when the CV 2 
contributes most to the observed variation at the higher 
level. When the contribution to the total observed variance 
from each sampling level is known, it is possible to optimize 
the sampling scheme (e.g., the most efficient way to improve 
the precision of stereological estimates is to increase the 
amount of sampling at the level that contributes most to the 
overall variance). 
As indicated above, the compound estimator of the total 
synapse number, N(syn), is the product of two variables, the 
number of synapses per unit volume, Nv, and the total 
reference volume, V(ref). Because constants related to 
sampling intensities (point density, disector volume) have 
no effect on the relative variance of N(syn), the variances of 
Nv and V(ref) can be substituted by those of 0 -  and EP, 
respectively. Accordingly, the variance of N(syn) can be 
estimated as Rel Var[N] = Rel Var[Q 9 EP]*. 
Tables 2, 3 and 4 show formulas for calculating sampling 
variances. Although the sampling variances are themselves 
estimates, they can be used to get a feeling as to whether 
the stereological sampling was performed with an appro- 
priate degree of precision. For symbols of the variances (CE 2 
and CV2), prefixes E and O denote terms of expected and 
observed variation, respectively, while suffixes a, f, s and p 
indicate that the variance is estimated for animals, fields 
used to count synapses, histological sections and point 
counting, respectively. Some variances were calculated in a 
special way as described below. 
Because a systematic random sample of sections was used 
to assess the EP parameter, sampling variances of EP were 
estimated with formulas (Gundersen & Jensen, 1987) that 
differ from those that are conventionally used on indepen- 
dent random samples. The expected variance of point 
counting with a lattice of systematic points on ns sections, 
referred here to as the nugget variance, Nug, was calculated 
with the formula: 
Nug = 0.0724-(b/v~). xfnss. EP 
In this formula, the value 0.0724 is a constant for point 
lattices with a quadratic arrangement and b/v~ is an average 
shape factor for a set of sectional profiles, i.e. the length of the 
* When evaluating the variance of the product V(ref).Nv, one 
needs to take into account the variance of both parameters and their 
co-variance at the level of animals. In this study, the co-variance was 
relatively small and has been ignored. This may not necessarily be 
the case in other synapse-containing regions and should be taken 
into account as described by Kroustrup and Gundersen (1983) and 
Pakkenberg and Gundersen (1988). 
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Table 1. Estimates of the total reference volume, synapse density (number per unit volume) and total number of synapses in 
the total reference volume of the rabbit CA1 stratum radiatum. 
Parameter Rabbit 1 Rabbit 2 Rabbit 3 Rabbit 4 Rabbit 5 Group mean 
Total reference volume: V(ref ) = P,P. a(p) 9 T 17.0 20.9 17.4 14.2 18.4 
Coefficient of variation of V(ref) : OCV~ [V(ref )] 
Synaptic numerical density: Nv = Q /fa(dis) 1.40 1.38 1.56 1.31 1.19 
Coefficient of variation of Nv : OCV~[NvJ 
Total number of synapses in the total reference 
volume: N(syn) - V(ref ) 9 Nv 2.38 2.88 2.71 1.86 2.19 
Coefficient of variation of N(syn) : OCV~ [N(syn)] 
17.6 mm 3 
0.14 
1.37x 109mm 3 
0.10 
2.40 x 101~ 
0.17 
The observed coefficient of variation, OCV, was calculated for each parameter under study with the formula: OCV - OSD/Mean where OSD is 
the observed standard eviation (OSDaiV(ref) ] -2.42mm3; OSD,~[Nv] 0.14 • 109mm 3; OSD~,[N(syn)]- 0.41 x 1010) and Mean is the 
estimated group mean. 
profile boundary, b, divided by the square root of the profile 
area, x/a. Profile shapes are most conveniently expressed by 
the dimensionless ratio, b/x/a, which has a minimum of 
2x/~ = 3.54 for a circle (Gundersen & Jensen, 1987). 
The shape factor can be estimated by comparing the 
overall shape of sectional profiles with those presented in a 
nomogram that predicts the number of points necessary to 
perform counts (Gundersen & Jensen, 1987; see Fig. 18 for 
the nomogram). Alternatively, the shape factor can be 
derived from the boundary length and area assessed with 
a lattice of test lines (Gundersen & Jensen, 1987) or measured 
with an image analysis system. The latter approach was 
employed in the present study. Actual shapes of sectional 
profiles of the CA1 stratum radiatum are shown in Fig. 2. The 
b/vla ratio was assessed for each profile by tracing its 
outlines with a digitizing tablet, and the resulting values 
were used to calculate the average b/x/a ratio for the entire 
set of profiles in each animal. 
The variance of profile areas among the systematic 
random sample of histological sections used to estimate 
V(ref ), i.e. VarI~a 1, was computed with the formula: 
VarlP, a J = [3(A - Nug) - 4B + C]/12 (2) 
where A = ~(Pi.Pi), B -  G(Pi 'P i ,1)  and C-  G(Pi.Pi+2). 
Explicit examples of such calculations are available in the 
literature (Pakkenberg & Gundersen, 1988; Braendgaard etal., 
1990; West & Gundersen, 1990). 
The statistical model outlined above is applicable only to 
those cases of systematic random sampling in which the 
sampling is performed along a single axis of a given region. 
Although synapses were also sampled in a systematic 
random manner, such sampling was carried out along two 
axes of the synapse-containing layer. The third axis was 
effectively sampled randomly. Statistical models defining 
variances for a systematic sampling design of this kind are 
not available. Therefore, sampling variances of 0 -  were 
conservatively calculated as conventional variances for 
independent variables. Estimated separately at lower sam- 
pling levels, variances of EP and Q were then used to 
calculate the variance of N at the level of individual animals. 
Results 
Characterization of the synaptic population of the rabbit 
CA1 stratum radiatum 
Examinat ion of electron micrographs  of the CA1 
stratum rad iatum showed that the synaptic popula-  
tion of this region is morpholog ica l ly  heterogeneous.  It 
includes two basic categories of synapses:  axodendr i -  
tic contacts involv ing dendrit ic shafts and axospinous 
ones involv ing dendrit ic spines (Fig. 3B). The latter 
category can be further subd iv ided into perforated 
and nonperforated synapses that exhibit d iscont inu- 
ous or cont inuous PSDs, respectively (Fig. 3B). Counts  
per formed with a total of 30 disectors per animal 
prov ided samples of 5-12 axodendrit ic,  23-48 axospi- 
nous perforated and 191-228 axospinous nonperforated 
synapses. If the present s tudy  were a imed at a 
differential quantitat ive analysis of these synaptic 
types, it wou ld  have been necessary to count axoden-  
dritic and axospinous perforated junctions with a 
Fig. 3, Electron micrographs of two consecutive ultrathin sections through the CA1 stratum radiatum of the rabbit 
hippocampus demonstrating the application of the disector method for synapse counting. The disector is formed by a 
reference section (A) and a look-up section (B). The unbiased counting frame of Gundersen (1977) indicated by white lines is 
randomly placed over the reference section micrograph. The postsynaptic density (PSD) is used as a counting unit. Synapses 
are counted with the disector if their PSD is not seen in the look-up section, but is observed in the reference section being 
positioned within the counting frame or intersected by its inclusion edges (broken lines) and not by the exclusion edges or their 
extensions (solid lines). Analysis of the micrographs presented here shows that only one synapse (pointing finger) among 
those that have their PSD within the counting frame (asterisks) can be counted according to the disector counting rule. Note 
that various types of synaptic contacts are encountered in the CA1 stratum radiatum, including axodendritic (arrowhead), 
axospinous perforated (open arrows) and axospinous nonperforated (closed arrows) synapses (B). x21 500. 
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Table 2. Stereological sampling variances of the total reference volume, V(ref ), and primary parameters used to calculate the 
variances and V(ref). 
Parameter Rabbit 1 Rabbit 2 Rabbit 3 Rabbit 4 Rabbit 5 Group mean 
Number of histological sections, ns 11 13 11 11 11 
Sum of points over all sections, EP 160 185 158 140 168 
Area associated with each point (mm2), a, (p) 0.0595 0.0595 0.0595 0.0595 0.0595 
Mean thickness of tissue slabs (mm), T 1.79 1.90 1.85 1.70 1.84 
Variance of point counting or Nugget effect, Nug: 
Nug = 0.0724. (b/x/a). x/-~s" EP 18.2 21.2 17.9 15.9 17.5 
Shape factor, b/x/a 5.98 5.96 5.94 5.59 5.61 
Coefficient of error squared of point counting: 
ECE~[~P] = Nug/(EP) 2 0.0007 0.0006 0.0007 0.0008 0.0006 0.0007 
Variance of sectional profile areas, Var[Ea]: 
Var[Ea] = [3(A - Nug) - 4B + C]/12 53.6 67.4 52.7 41.4 40.0 
A = E(Pi. P,) 2784 3125 2738 2048 2862 
B - E (Pi" Pi + 1 ) 2458 2787 2404 1821 2574 
C - Y~(Pi" Pi+2) 2178 2645 2088 1684 2242 
Coefficient of error squared of Y,a among 
sections: ECE2[Ea] : Var[Ea]/(EP) 2 0.0021 0.0020 0.0021 0.0021 0.0014 0.0019 
Total intra-animal variance of Y,P, Var[EP]: 
Var[EP] - Nug + Var[Ea] 71.8 88.6 70.6 57.3 57.5 
Nug% = (Nug. lO0)/Var[EP] 25% 24% 25% 28% 30% 
Total intra-animal coefficient of error squared of EP: 
OCE2[EP] = Var[EP]/(EP) 2 0.0028 0.0026 0.0028 0.0029 0.0020 0.0026 
Total intra-animal coefficient of error of Vref: OCEa[GP] 0.053 0.051 0.053 0.054 0.045 0.051 
Note that the variances of V(ref) below the group sampling level were estimated as variances of the sum of points, EP. 
larger number  of disectors in order to obtain repre- 
sentat ive samples  of at least 100 synapses of a g iven 
type per animal .  
Estimates of the reference volume and their sampling 
variances 
The data obta ined are summar ized  in Tables 1 and  2. 
The mean total vo lume of the synapse-conta in ing  
layer, V(ref),  was est imated to be 17 .6mm 3 for the 
group of an imals  studied,  wi th  a range of 14.2- 
20.9 mm 3. The observed coefficient of var iat ion of the 
V(ref ) among ind iv idua l  an imals  (OCV~ [V(ref )]) was 
equal  to 0.14. Most of this var iat ion (87%) was due to 
the inherent  biological variabi l i ty of V(ref) among 
animals.  The overal l  contr ibut ion of the variances 
associated with stereological sampl ing  (ECE2s[Ea]+ 
ECE~[EP] = 0.0026) to the total group var iance of 
V(ref) (OCV2a[V(ref)] =0.0196) amounted  to only 
13%. The precis ion of ind iv idua l  V(ref) estimates, 
expressed as the total in t ra -an imal  coefficient of error 
of EP(OCEs[EP]) and averaged over all animals,  was 
5.1%. 
Table 3. Stereological sampling variance of the synaptic numerical density, Nv, and primary parameters used to calculate the 
variance and Nv. 
Parameter Rabbit I Rabbit 2 Rabbit 3 "Rabbit 4 Rabbit 5 Group mean 
Mean volume of disectors (/.lm3): v(dis) = a .t 6.14 6.14 6.14 6.14 6.14 
(mean counting frame area a - 64 ~m2; mean 
thickness of ultrathin sections t - 0.096 ~tm) 
Total number of synapses counted with n~ = 30 disectors 258 254 287 242 219 
Mean number of synapses counted per disector, Q-  8.60 8.47 9.57 8.07 7.30 
Total intra-animal variance of Q-  among nf = 6 
counting fields: OSD~ [Q -] 1.33 1.72 2.47 2.07 3.50 
Total intra-animal coefficient of error squared of Q 
among counting fields: 
OCE~[Q ] = OSD~[Q-]/(Q 2. nf) 0.0030 0.0040 0.0045 0.0053 0.0109 0.0055 
Total intra-animal coefficient of error of Nv: OCEy [Q-] 0.055 0.063 0.067 0.073 0.104 0.072 
Note that the variance of Nv was estimated, below the group sampling level, as variance of the mean umber of synapses, Q , counted per 
disector. 
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Table 4. Stereological sampling variance of the total synapse number, N(syn), and its contribution tothe total group variance of 
N(syn). 
Parameter Rabbit 1 Rabbit 2 Rabbit 3 Rabbit 4 Rabbit 5 Group mean 
Total intra-animal coefficient of error squared of N: 
OCE2[N] = OCE~[Q ] + ECE2[Ga] + ECE~[GP] 0.0058 0.0066 0.0073 0.0082 0.0129 0.0082 
Contribution of the OCE2[N] to the OCV2a[N(syn)]: 
OCE2[N]% = (OCE2[N]. lO0)/OCV2[N(syn)] 28% 
Total intra-animal coefficient of error of N(syn): 
OCEa[N] 0.076 0.081 0.085 0.091 0.114 0.089 
Note that the relative variance of N(syn) was estimated, below the group sampling level, as Var[N] - Var[Q 9 GP]. 
Values of the OCE~[Q ], ECE2[~a] and ECE~[~P 1 are presented inTables 2 and 3. For the OCV2[N(syn)] value see Table 1. 
Estimates of synaptic numerical density and their sampling 
variances 
The data are shown in Tables 1 and 3. Estimates of 
synaptic numerical density obtained from individual 
animals were in the range of 1.19-1.56 x 109 mm -3 
which provided a group mean value of 1.37 x 109 
mm 3. The observed coefficient of variation of Nv 
among animals in the group, OCV a[NV] (calculated as 
the OCV2[V(Fef )] above), was equal to 0.10. The lowest 
level of synapse sampling was that of counting fields 
and not of disectors ince synapses were sampled with 
five dissectors from the same counting field. The 
contribution of the variance associated with stereo- 
logical sampling (OCE~[Q-]2=O.O055)_ to the total 
group variance of Nv (OCVa[Nv] = 0.0100) reached 
55%, while the rest of the contribution (45%)came 
from the inherent biological variation among animals. 
The precision of individual Nv estimates (OCEf [Q ]) 
had a value of 7.2% when averaged over all animals 
studied. 
Estimates of the total number of synapses and their sampling 
variances 
The data are presented in Tables 1 and 4. The total 
number of'synapses in the total volume of the CA1 
stratum radiatum, N(syn), was estimated to be 2.38, 
2.88, 2.71, 1.86 and 2.19 x 101~ for the animals under 
study, the group mean being equal to 2.40 x 101~ The 
coefficient of variation for the group was 0.17. Analysis 
of sampling variances of N(syn) demonstrated that the 
variation associated with stereological sampling 
(OCE2[N] =0.0082) accounted for 28% of the overall 
group variation (OCE2[N(syn)] =0.0289). Individual 
estimates of N(syn) had a precision (OCEa IN]) of 8.9%. 
Discuss ion  
Over the past four decades, numerous attempts were 
made to estimate the number of synapses in various 
regions of the central nervous system. Most of the 
previous tudies, however, were hampered by the use 
of two-dimensional stereological techniques. Designed 
to convert profile counts made in two-dimensional 
images of sections into the number of three-dimensional 
objects, these techniques rely on assumptions about 
the size, shape and orientation of objects. Most 
assumptions made with regard to synapses were 
unrealistic (e.g., synaptic contacts were assumed to 
fit the model of flat circular discs having the same 
diameter) which resulted in biases (De Groot, 1986). 
The effects of these potential biases on the results of 
synapse counts are difficult, if not impossible, to 
evaluate in practice. This makes the data available in 
the literature virtually uninterpretable. There is a 
need, therefore, to reevaluate the reported results of 
synapse quantitation with unbiased stereological 
approaches. Such a goal can be achieved by using 
the proposed method since it provides estimates of the 
total synapse number that are unbiased and are not 
affected by changes in tissue volume. This method is 
based on principles of modern stereology and utilizes 
recently developed sampling and counting techniques 
that are assumption-free and therefore bias-free. The 
advantages of the method described here as opposed 
to conventional stereological techniques are discussed 
below. 
Estimating total synapse number, rather than synaptic 
numerical density 
One of the most important features of the proposed 
method is that it is designed to provide estimates of 
the total number of synapses, whether they exemplify 
the entire synaptic population or certain morphologi- 
cal subtypes in a neuroanatomically defined region. 
Here, the key word is total, for without information 
about total synapse number, it is not possible to draw 
conclusions with regard to changes in the quantity of 
synaptic contacts under experimental or pathological 
conditions. For example, the conclusions of many of 
the earlier studies of age-related synapse loss were 
based on numerical density data (Geinisman et al., 
1995). Age-related reductions in synaptic numerical 
densities, however, cannot be unambiguously inter- 
preted as evidence of synapse loss, in that they can 
result from changes in either the volume of the region, 
or synapse number or both. Estimating total synapse 
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number, rather than synaptic numerical density, 
eliminates the questionable assumption, implicit in 
comparisons of density data, that the volumes of the 
regions being compared are the same (Braendgaard & 
Gundersen, 1986; Swaab & Uylings, 1987; Oorschot, 
1994). 
Sampling synapses in a uniform, rather than in a non- 
uniform, fashio~ 
The sampling strategy of the earlier studies was to 
sample synapses from a certain typical portion of a 
brain region of interest. The results obtained from this 
selective sampling cannot be extrapolated tothe entire 
region and conclusions can be drawn only with 
respect to the particular portion examined. In contrast, 
the sampling procedure implemented in this study 
probes the entire synapse-containing region. This 
procedure provides systematic random samples of 
both histological sections and synapses to be used for 
estimating the total reference volume and synaptic 
numerical density, respectively. The reference volume 
is assessed according to the Cavalieri principle 
(Gundersen & Jensen, 1987; Michel & Cruz-Orive, 
1988), using parallel histological sections that are taken 
at a uniform random interval along one axis of a 
synapse-containing region. Synapses are sampled 
with an equal probability along all three axes of a 
given region. In the region examined in this study, 
fields in which to count synapses are positioned 
randomly along the septo-temporal xis (due to a 
random placement of cuts used to make tissue slabs) 
and in a systematic random manner along the other 
two axes (CA2-SUB and CB-AD) of the CA1 stratum 
radiatum (Fig. 1). This sampling paradigm is unbiased 
in that it ensures that all parts of the synapse- 
containing region, as well as all synapses within the 
region, have an equal chance of being sampled. 
Counting synapses with three-dimensional, rather than with 
two-dimensional, probes 
The counting procedure of conventional stereology 
employs single, non-serial sections as a counting 
probe. There are some inherent problems in this 
approach. One of them is that a single section is a 
two-dimensional probe with which objects are sampled 
with a probability that is proportional to the their 
linear dimension in the plane perpendicular tothat of 
the section. This fundamental property of two-dimen- 
sional counting probes explains why objects have 
more chances of being counted in single sections when 
their dimensions are relatively large or when they are 
sectioned perpendicular, rather than parallel, to their 
long axis. It is obvious, therefore, that the results of 
object counts in single sections depend on the size, 
shape and orientation of a given counting unit (e.g., 
the postsynaptic density or synaptic apposition zone 
in the case of synapses). Other factors that determine 
the probability with which objects are counted in 
single sections include the section thickness, trunca- 
tion (also known as the phenomenon of lost caps, i.e. 
fragments that actually or apparently disappear f om 
the cut surface of sections) and overprojection (also 
known as Holmes' effect, i.e. an enlargement of 
opaque profile images due to the finite thickness of 
transparent sections). In the present study, the disector 
technique was used to count synapses. The disector is 
a three-dimensional stereological probe designed to 
directly count objects, not their profiles, in three- 
dimensional space. Consequently, counts made with 
the disector according to the unbiased counting rule 
are unaffected by the biases characteristic of the 
conventional stereological approaches (Sterio, 1984; 
Gundersen, 1986). 
ldentifljing synapses in serial, rather than in single, 
ultrathin sections 
The only requirement of the disector method is that 
the objects counted with the disector be unambigu- 
ously identifiable on the sections (Gundersen, 1986). In 
the case of synapse counting, this requirement is
fulfilled by examining micrographs of consecutive 
serial sections where all profiles produced by section- 
ing of a synaptic ontact can be readily identified. In 
contrast, this cannot be achieved by using two- 
dimensional counting probes, i.e. single sections, for 
synapse quantitation. The criterion, which is generally 
employed for the identification of synapses in tissue 
treated with osmium tetroxide, is the presence of 
synaptic vesicles in a presynaptic axon terminal and 
the presence of a PSD in a postsynaptic element. 
Examination of synaptic contacts in electron micro- 
graphs of consecutive serial sections has revealed, 
however, that synapses can exhibit individual sec- 
tional profiles that completely lack either synaptic 
vesicles or a PSD (Geinisman et aI., 1991). When 
encountered in a single section, such a structure 
cannot be classified as a synaptic profile. Moreover, 
small or tangentially cut synapses cannot be reliably 
recognized in a single section due to a negligible size 
of their profiles (Curcio & Hinds, 1983; deToledo- 
Morrell et al., 1988). As a consequence of this, the 
synaptic numerical density is systematically under- 
estimated by as much as 20% (Curcio & Hinds, 1983). 
These difficulties are compounded by the presence of 
perforated synapses, including those with a segmen- 
ted PSD, in many regions of the central nervous ystem 
(Calverley & Jones, 1990). A perforated synapse can be 
erroneously identified in a single section as two or 
more nonperforated ones (De Groot & Bierman, 1983) 
or not identified at all if the section passes through the 
interval between separate PSD segments (Geinisman 
et al., 1987). Thus, an unambiguous identification of 
synapses, which is a prerequisite for obtaining 
unbiased estimates of their number, can only be 
Unbiased estimation of total synapse number 
performed with the aid of consecutive serial sections. 
Since serial ultrathin sections have to be prepared for 
the purpose of synapse identification, it does not make 
sense to count synaptic profiles in a single section(s) 
from a series and then to transform the profile counts 
into synapse number with conventional stereological 
techniques that are known to be biased. Having serial 
ultrathin sections prepared, it is possible to count 
synapses directly with the disector formed by a section 
pair(s) selected from a series. 
Evaluating the precision of stereological estimates ofthe total 
synapse number 
Since the sampling and counting procedures employed 
in this work are unbiased, they provide estimates ofthe 
true total number of synapses. The extent o which such 
stereological estimates deviate from the true value 
depends only on their precision. The precision is most 
conveniently expressed by the coefficient of error (CE) 
of individual estimates which is a measure of the total 
intra-individual variation associated with stereologi- 
cal sampling (West & Gundersen, 1990). Computation 
of the observed coefficients of error (OCEan) from the 
data reported here indicate that the individual 
estimates of V(ref), Nv and N(syn) were obtained 
with a precision of 5.1, 7.2 and 8.9%, respectively 
(Tables 2, 3 and 4). Although such precision can be 
improved by additional stereological sampling, the 
contribution of the intra-animal variation associated 
with stereological sampling (OCE2[N]) to the total 
group variance of N(syn), OCV2a[N(syn)], was equal 
to 28% (Table 4). Therefore, it is the inherent biological 
variability among animals that contributed most to the 
total group variance of the estimates made with the 
sampling scheme used here. 
Predicting roup sizes in studies involving roup 
comparisons 
Studies on synapse quantitation are most frequently 
aimed at determining whether or not groups of 
animals or individuals differ from each other with 
respect o the number of synaptic ontacts in a given 
region of the nervous system. An obvious way to 
increase the probability of demonstrating a statistically 
significant difference between group means is to 
reduce the variances of the means. The observed 
variance of the group mean is the sum of the 
variability resulting from stereological sampling and 
that stemming from the biological inter-individual 
variability. If the former factor contributes most to the 
variance of the group mean, this variability can be 
more efficiently reduced by increasing the amount of 
stereological sampling. If, on the contrary, the latter 
factor is the major contributor to the variance of the 
group mean, the most efficient way to reduce the 
variance is to increase the group size. 
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Based on the above considerations, the appropriate 
option for optimizing the sampling design of the 
present work would be to examine more animals in 
the group, rather than to improve the precision of 
individual stereological estimates. The decision of 
how many animals need to be examined in the group 
can be made with the t statistic that takes the following 
form: 
difference between observed group means [N(syn)] 
t -  
standard error of difference 





x/(0.412 + 0.412)/n 
n > 8 (3) 
For these calculations, the data obtained from only one 
group of animals were available. The variance of 
N(syn) for the other group was presumed to be the 
same. Difference between group means was set at 20% 
since a change of this magnitude in the total number of 
synapses is most likely to have functional conse- 
quences. The statistic shows that, with the variances 
observed here (i.e., with the described sampling 
scheme), it is necessary to examine a minimum of 8 
animals per group in order to demonstrate hat group 
mean differences of 20% are significant at the 0.05 
level. 
Although the sampling design used here is close to 
being optimal, it can be further optimized for group 
comparisons by increasing the number of animals per 
group to 8 and the number of counting fields to 7 or 8. 
The purpose of the latter modification is related to the 
data showing that the intra-animal variance of Nv 
associated with stereological sampling, OCE~[Q-], 
constitutes 55% of the total observed inter-animal 
variance of Nv, OCV2[NvI. Additionally, the number 
of disectors per counting field can be decreased to 
about 3 which would reduce the workload at this level. 
The discussion of the above underlines the design- 
based nature of the methodology described and its 
importance in the planning of quantitative morpholo- 
gical studies. 
Conc lus ions  
The biologically important information from this 
study consists of two numbers presented in Table 1: 
the mean number of synapses in CA1 stratum radiatum 
of young female rabbits, N(syn) = 2.40 x 101~ and the 
observed variability of that estimate among five rabbits, 
OCV~[N(syn)]-0.17. Of secondary interest is the 
number presented in Table 4: the stereological 
uncertainty or error, which indicates that only 28% of 
the total variance of the N(syn) estimate observed 
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in the group  can be at t r ibuted to the est imat ion  
procedure  itself  and  that the sampl ing  scheme is 
appropr ia te .  
Most  of this paper  is devoted  to descr ib ing  how one 
actua l ly  des igns  a un i fo rm random sampl ing  scheme 
of the ent ire s t ra tum rad ia tum.  Three features of this 
scheme: un i fo rm sampl ing  at all levels, th ree-d imen-  
s ional  count ing,  and inc lus ion of the ent i rety  of CA1 
s t r ia tum rad ia tum ensure  that the est imate,  N(syn) - 
2.40 x 101~ is unb iased.  On ly  the computat ions  shown 
in Table 1 are needed to der ive  this est imate.  The 
descr ip t ions  and  d iscuss ions  of the rat ionale  for the 
sampl ing  protoco l  used  and  the somewhat  compl i -  
cated computat ions  requ i red  for an eva luat ion  of the 
var iances  in the mul t i leve l  sampl ing  scheme are not  of 
b io logical  impor tance  and are presented  for two major  
reasons. One  of these is to demonst ra te  that the 
CE[N(syn)] of 0.089 is a mere  28% of the total  var iance 
of the N(syn) est imate.  The other  reason is to i l lustrate 
pract ical  ways  of reduc ing  the var iat ion  assoc iated 
wi th  stereologica l  sampl ing  so that its background 
noise wou ld  not obscure  the actual  results  of synapse 
quant i tat ion.  
In conclus ion,  it needs  to be emphas ized  that the 
method proposed  here can be app l ied  to the s tudy  of 
any  type  of synapse,  such as the axodendr i t ic ,  
axosp inous  or axosomat ic  one, and of any def ined 
reg ion  of the nervous  system. Being genera l ly  appl ic-  
able, complete ly  unb iased  and des ign-based,  the 
proposed  method prov ides  a va luab le  tool for obtain-  
ing re l iable est imates  of the total number  of synapses  
in var ious  d ist inct  reg ions of the nervous  system. 
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